Here we report on the effect of rare earth Gd-doping on the magnetic properties and magnetotransport of GaN two-dimensional electron gasses (2DEGs). Samples are grown by plasma-assisted molecular beam epitaxy and consist of AlN/GaN heterostructures where Gd is delta-doped within a polarization-induced 2DEG. Ferromagnetism is observed in these 
I.

Introduction
The III-nitride family semiconductors are good host materials for the magnetic rare earth element gadolinium (Gd) because of its high solubility (dilute doping regime) and its ability to form rocksalt GdN in wurtzite GaN (heavy doping regime). 1, 2 Further, the Gd 3+ ion contains 7 unpaired f-shell electron spins that open the possibility of engineering magnetism into nitride semiconductors. In particular, in the dilute doping regime, an anomalous ferromagnetic phase with a Curie temperature (T C ) above room temperature has been reported by multiple groups, with the magnetism being thought to arise from the crystallographic point or line defects. 1, [3] [4] [5] This room temperature ferromagnetic phase may point to a new magnetic semiconductor material system that overcomes the disadvantage of T C being well below room temperature in the prototypical magnetic semiconductor GaMnAs, which limits its practical applications. 6 However, to the best of our knowledge there are no current reports on the electrical transport properties in conjunction with the magnetic properties of the Gd-doped GaN or its related structures. Lo et al. reported on the anomalous Hall effect in Gd ion-implanted GaN/AlGaN 2DEGs, however the magnetic properties were not measured. 7 Therefore the possible utility of Gd:GaN as a useful ferromagnetic semiconductor remains dubious.
In this work, we examine the interaction between the anomalous ferromagnetic phase in Gd-doped GaN and the conduction band electrons via magnetotransport measurements.
By delta-doping Gd directly into a polarization-induced AlN/GaN two-dimensional electron gas (2DEG), a high density of electrons is spatially overlapping with the magnetically doped region. Delta-doping also allows for exploration of much higher Gd-doping densities than previously explored. Here we dope the 2DEG region with up to 4.6 × 10 14 cm -2 Gd. In these 2DEGs, delta-doping with Gd is observed to induce a ferromagnetic phase with T C above room temperature and the saturation magnetization is much larger than can be accounted for by Gd ions spins alone. An out-of-plane (c-axis) easy-axis is observed in Gd-doped samples which is in contrast to the previous report by Pérez et al. 8 More interestingly, at magnetic fields up to 50 kOe, the magnetization remains smaller for in-plane configuration than for out-of-plane, which is indicative of exchange coupled spins locked along the polar c-axis. Magnetotransport measurements demonstrate the presence of the 2DEG in
Gd-doped and un-doped samples where the carrier concentration of these samples are found to be on the order of 10 13 cm -2 . Given that the Gd-doping is spatially confined to the 2DEG, one might have expected that magnetic scattering or exchange coupling of the 2DEG and the magnetic phase would lead to an anomalous Hall effect (AHE). However, the measured non-linear component NL xy ρ in the Hall resistivity does not display ferromagnetic behavior, but instead results from the effect of the magnetoconductivity xx σ , itself due to the effect of weak localization, on Hall resistivity xy ρ . We observe a decrease in the electron mobility as the Gd-doping concentration is increased suggesting that whatever defects forms as a result of Gd-doping, they also lead to strong Coulombic charge scattering on Gd generated defects. The lack of the ferromagnetic response in the Hall resistivity is consistent with a defect-induced ferromagnetic phase that is uncoupled to the conduction band of GaN.
This lack of coupling is perplexing given that the magnetic doping is performed precisely within the 2DEG. We speculate that the ferromagnetic phase consists of high densities of Gd-associated defects (lines or clusters) that locally deplete the 2DEG, thereby preventing any significant coupling between the 2DEG and the ferromagnetic spins. The observation of lack of coupling also agrees well with a recent study by Buß et al. where no exchange coupling between the conduction band electrons and the Gd ions or Gd associated polarized lattice ions is found in Gd ion-implanted GaN thin films using time-resolved magneto-optical spectroscopy. 9 Our results indicate that Gd-doped GaN cannot be considered as a ferromagnetic semiconductor as far as its magnetotransport properties are concerned.
II. Experiment
A． Sample growth
All samples are grown by plasma-assisted molecular beam epitaxy (PAMBE) on a Veeco GEN930 PAMBE system with a base pressure of 5 × 10 -11 torr. 2, 10 The PAMBE system is equipped with effusion cells of Al (6N5 purity), Ga (7N purity), Gd (4N7 purity) and a nitrogen plasma source (6N purity). To begin, the Gd-doping rate is calibrated by growing a stack of Gd:GaN with various Gd effusion cell temperatures. The initial Gd:GaN layer is grown on a GaN buffer layer that was grown on an AlN on sapphire (Kyma) template with a . The Gd-doping concentration profiles shown in Fig. 1a are calculated separately for each of the five major Gd isotopes (thin colored lines), and then averaged to provide a final Gd-doping profile (thick black line). The extracted average
Gd-doping concentration (black dot) as a function of the reciprocal of the Gd cell temperature is shown in Fig. 1b 1c by assuming that GdN remains in the wurtzite structure for small doping levels. 
B． Band diagram and structural properties
The band diagram of the control samples is simulated using a 1-dimensonal
Poisson-Schrodinger solver. 12 The AlN surface pinning level is set to 3.1 eV (mid-gap) below the conduction band minimum and the background doping in the smooth GaN layer is assumed to be donor-like with a concentration of 10 16 cm -3 due to the oxygen impurities. 13 The dotted band diagram and carrier concentration profile depicted in Fig. 2b is simulated under the assumptions that the AlN layer is fully strained and the conduction band offset .
Representative atomic force microscopy (AFM) images from the 0.2 ML and 0.4 ML Gd-doped samples are shown in Fig. 3b 
III. Experimental Results
A. Magnetic Properties
The magnetic properties are analyzed by superconducting quantum interference device (SQUID) mangetometry using a Quantum Design MPMS XL. The room temperature magnetization data illustrated in Fig. 4a have had the dominant diamagnetic background subtracted and normalized by the sample surface area due to the nature of the 2D doping.
The sample doped with 0.2 ML Gd possesses a room temperature ferromagnetic response characterized by a sharp increase in the magnetization at low magnetic fields (< 5 kOe), . The difference in the magnetic response between the control samples is attributable to variation in the density of these spin polarized defects. The magnetization of the 0.4 ML Gd-doped sample is only slightly greater than Control Sample 2, while the lighter doped sample exhibits a much stronger magnetization. Similar large variation in the magnetization of Gd-doped GaN was also observed by Roever et al. 22 In the current sample sets, we do however observe a boost in this defect magnetism upon Gd-doping, which follows previous reports on Gd-doped GaN. 1, 23 Magnetic hysteresis loops of the Gd-doped 2DEG samples are shown in Fig μ /Gd 3+ at 300 K and 5 K, respectively (50 kOe data is also shown in Tab. I). This decrease in normalized magnetization with increasing Gd concentration is in agreement with previous reports on Gd-doped GaN, from which we conclude that the Gd contribution to the anomalous ferromagnetic phase is insignificant. 1, 22 In both samples, neither the saturation moment nor the coercive field (with in-plane magnetic field) display significant changes from 5 K to room temperature, indicating Curie temperatures well above room temperature and inaccessible by our available instrumentation.
A comparison between the in-plane and out-of-plane magnetic hysteresis for the 0.2 ML Gd-doped 2DEG is shown in Fig. 4c . There are two surprising features in the magnetic anisotropy of these samples. First, a sharper (easier-axis) behavior is observed out-of-plane rather than in-plane indicating that the typical in-plane shape anisotropy for ferromagnetic thin films is not present. This observed crystalline anisotropy rules out the possibility of ferromagnetic dust contamination which is expected to be isotropic. The crystalline anisotropy is also in contrast to the previous reports from Ref. 8 , where an easy-axis along The zero field cooled (ZFC) magnetization is plotted as a function of temperature in Fig.   4d for both Gd-doped 2DEGs. A non-vanishing spontaneous magnetization persists above room temperature. Moreover, a local peak in magnetization is observed in both samples at around 50 K. The temperature is remarkably close to the Curie temperature of cubic GdN (with a T C reported between 40 and 70 K depending on the growth conditions). 2, 24, 25 At the high Gd-delta-doping concentrations used, it is possible that a few GdN nanoprecipitates are present, but one would expect that to lead to a dip in magnetization just below T C , not an excess as observed. Alternatively, oxygen contamination due to a small air leak into the sample space could also account for the local peak at 40  50 K due to the para-antiferromagnetic phase transition of solid oxygen. 26 However, this possibility is ruled out by examining the magnetization of the SiC wafer shown in Fig. 4d inset, where the raw magnetization data throughout the entire temperature range is around 1 × 10 -7 emu (approaching the detection limit of the instrument) with no significant peak at around 40  50 K. Here, the measurement on the SiC wafer is conducted with an out-of-plane magnetic field, and we employ the same measurement protocol for all samples. At the lowest temperatures, a clear paramagnetic contribution is observed as a steep rise in magnetization below 15 K consistent with a small concentration of paramagnetic spins. Therefore, we believe that the excess magnetization on observed in Fig. 4d is an intrinsic property of Gd-doped GaN, even if its physical origin is not elucidated. 
where c is a temperature-independent proportionality constant, γ is a power constant that could either be 1 (skew-scattering) or 2 (side-jump) depending on the origin of the scattering and m is the out-of-plane magnetization of the sample. For the 0.2 ML Gd-doped 2DEG (Fig. 7d) , the non-linear part ( / Since the 2D electron density is on the order of 10 13 cm -2
, acceptor-like point defects would be unable to fully deplete the 2DEG. Therefore, we hypothesize that the ferromagnetic spins are present in larger scale defect clusters, such as threading dislocations (  10 9 cm -2 in our samples, see Sec. II B), that are known to behave as deep acceptors with significant electron depletion widths. 33, 34 A previous study on non-magnetically doped AlGaAs/GaAs two-dimensional hole gas reported a similar non-linear Hall resistance and concluded that it is a genuine anomalous Hall effect that arose from skew scattering of spin-polarized charge carriers induced by Zeeman splitting between the spin-up and spin-down conduction channels. 35 This effect cannot explain our data, since, in our control samples, the non-linear
Hall slope is present at magnetic fields where the Zeeman splitting is insignificant compared The carrier concentration and mobility of Gd-doped samples at 300 K are measured from the Hall slope and zero-field resistivity. No non-linearity of xy ρ is observed Fig. 11a .
This is clearly contrast with what is observed at 20 K (Fig. 7a inset) and results from the negligible magnetoresistance at 300 K as shown in Fig. 11b . The carrier concentrations and mobility obtained are listed in Table IV . As expected for polarization-induced 2DEG, there is no significant change in carrier density from room temperature to low temperature.
Additionally, all samples have carrier concentrations within 34% indicating that Gd-doping has no obvious effect on the carrier concentration, as expected for an isoelectronic dopant. Poisson-Schrodinger solver in Sec. II at 300 K. This reduction of 2DEG concentration could be explained by the fact that the AlN layer is partially strain relaxed leading to a reduced piezoelectric polarization. Additionally, since the band-gap of AlN tends to shrink when subjected to biaxial tensile strain, then, the conduction band offset between the AlN and GaN of 2.1 eV used in the simulation may be overestimated. Assuming all the band gap shrinkage contributes to the reduction of the conduction band offset, the amount of
where e ⊥ and // e are the uniaxial and biaxial strain, 1 d and 2 d are the deformation energy and c E Δ is the conduction band offset when AlN is stained. 38 The electron effective mass in GaN also tends to increase due to the nature of the non-parabolic energy dispersion in triangular well which follows the Ando formula,
where F E is the Fermi energy measured from the bottom of the lowest sub-band and However, the observation of partial strain-relaxation in control samples suggests a similar situation existing in Gd-doped samples. The simulated band diagram and carrier concentration profile adopting the new physical parameters of Control Sample 2 are shown as an example and depicted as the solid line in Fig. 2b . The reduced band bending in the AlN layer and the shallower quantum well directly resulting from the reduced piezoelectric charge density and conduction band offset gives a lower 2DEG concentration. The mobility exhibits a reduction as the Gd-doping concentration increases, which is consistent with enhanced Coulomb scattering due to Gd-doping generated defects.
V. Conclusions
Polarization-induced AlN/GaN 2DEGs doped with Gd exhibit a defect-induced ferromagnetism with a Curie temperature above room temperature and an anisotropic magnetization. Sharper switching is observed with the field aligned along the c-axis rather than within the basal plane. Surprisingly, the saturation magnetization for in-plane orientation is lower than for out-of-plane orientation indicating a strong pinning of the defect-spins associated with the magnetism along the polar direction of GaN. The saturation magnetization is larger than what is possible from Gd 3+ spins alone indicating the presence of a large concentration of spin-polarized defects that generate the ferromagnetic response.
In non-Gd-doped samples, weak ferromagnetism and paramagnetism are also observed possibly caused by the difference in the density of spin polarized defects. Hall measurements of ferromagnetic Gd-doped 2DEGs exhibit non-linearity in the Hall resistivity that does not track the magnetization. The non-linear Hall effect is consistent with the mixing of the conductivity tensor xx σ into the Hall resistivity xy ρ . The lack of coupling between the ferromagnetic phase intentionally placed within the 2DEG indicates that the electrons in the 2DEG must be depleted from the ferromagnetic region. We hypothesize that the depletion is induced by high densities or clusters of acceptor-like defect spins. The strain-relaxation is associated with the formation of threading dislocations oriented along the c-axis, which are known to cause both electron depletion and charge scattering. Therefore such dislocation cores could account for the anomalous ferromagnetic phase and its lack of coupling to a 2DEG. It remains to be seen if these acceptor-like defect spins might couple to the valence band of GaN, studies which necessitate the same measurements need to be carried out in p-GaN or 2D hole gasses. , we find that the calculated xx ρ fits the data well in the low field region, but shows saturation at high field, which does not agree with the observed linear decrease (Fig. 9b) 
There is no correction to xy σ from either weak localization or electron-electron interaction. γ is the power constant that could either be 1 or 2 depending on the origin of the scattering. 
